Hyperphosphorylation of the microtubule associated protein tau is detected in the brains of individuals with a range of neurodegenerative diseases including Alzheimer's disease (AD). An imbalance in phosphorylation and/or dephosphorylation of tau at disease-related sites has been suggested to initiate the abnormal metabolism and toxicity of tau in disease pathogenesis. However, the mechanisms underlying abnormal phosphorylation of tau in AD are not fully understood. Here, we show that the DNA damage-activated Checkpoint kinase 2 (Chk2) is a novel tau kinase and enhances tau toxicity in a transgenic Drosophila model. Overexpression of Drosophila Chk2 increases tau phosphorylation at Ser262 and enhances tauinduced neurodegeneration in transgenic flies expressing human tau. The non-phosphorylatable Ser262Ala mutation abolishes Chk2-induced enhancement of tau toxicity, suggesting that the Ser262 phosphorylation site is involved in the enhancement of tau toxicity by Chk2. In vitro kinase assays revealed that human Chk2 and a closely related checkpoint kinase 1 (Chk1) directly phosphorylate human tau at Ser262. We also demonstrate that Drosophila Chk2 does not modulate the activity of the fly homolog of microtubule affinity regulating kinase, which has been shown to be a physiological tau Ser262 kinase. Since accumulation of DNA damage has been detected in the brains of AD patients, our results suggest that the DNA damage-activated kinases Chk1 and Chk2 may be involved in tau phosphorylation and toxicity in the pathogenesis of AD.
INTRODUCTION
Tau is a microtubule associated protein that is expressed in neurons and is predominantly localized in axons. The major function of tau is to regulate the assembly and stability of microtubules (1) . Abnormally phosphorylated tau is found in the intracellular protein inclusions called neurofibrillary tangles (NFTs), which are associated with Alzheimer's disease (AD) and also with a range of neurodegenerative diseases called tauopathies (1 -5) . The occurrence of fibrillar tau inclusions in tauopathies, and the correlation of NFT density with cognitive decline in AD, suggests that the tau abnormality plays a key role in the observed clinical symptoms (6) .
In vitro and in vivo studies have demonstrated that tau phosphorylation at some of the disease associated sites plays critical roles in the physiological and pathophysiological functions of tau. In vitro studies have revealed that phosphorylation at Ser262, Thr231 and Ser235 reduces tau binding to microtubules (7 -9) , and phosphorylation or pseudophosphorylation of a number of sites enhances tau fibril formation (6, (10) (11) (12) . In transgenic mice, overexpression of kinases that phosphorylate tau, including GSK-3b and cyclin-dependent kinase-5, modify tau phosphorylation, NFT formation and tau toxicity (13 -19) . These data suggest that an imbalance in phosphorylation and/or dephosphorylation of tau initiates the abnormal metabolism and toxicity of tau in disease pathogenesis (20) .
Human tau toxicity has been modeled in transgenic Drosophila. Neuronal expression of human wild-type tau or tau with disease-associated mutations causes synaptic dysfunctions, memory defects and an age-dependent progressive neurodegeneration in the fly brain (21) (22) (23) (24) (25) (26) . Tau expression in fly eyes induces retinal toxicity in adult flies, which appears as a 'rough' eye phenotype, characterized by reduced external eye size, reduced thickness of the retina and a loss of the regular ommatidial organization (21, 22) . Accumulation of disease-associated conformational changes and phospho-epitopes in tau has been detected in the brain and eyes (21) (22) (23) . NFT formation, a hallmark of both AD pathology and tauopathies, is not observed in fly neurons (23) , indicating that tau toxicity is not conferred by large insoluble aggregates of tau in the Drosophila models. These results suggest that Drosophila models of tauopathies may recapitulate early, pre-tangle events in tau-associated neurodegeneration (27) .
The transgenic Drosophila models have been used to address the role of distinct tau phosphorylation sites in controlling tau neurotoxicity (21) (22) (23) (28) (29) (30) (31) (32) . Studies of transgenic flies expressing tau mutants that contain phosphorylationincompetent Ser/Thr kinase sites have revealed that mutating all 14 proline-directed kinase target sites (SP/TP sites), which are hyperphosphorylated in NFTs, significantly reduces tau toxicity. However, no single phosphorylation site among the SP/TP sites plays a dominant role in controlling tau toxicity (31) .
Enhanced phosphorylation of tau at Ser262/356 is detected in pre-tangle neurons in AD (33) . The introduction of alanine mutations at Ser262 and Ser356 dramatically reduces tau-induced neurodegeneration in fly eyes and brains (22) , indicating that these sites play critical roles in tau toxicity. Ser262/356 can be phosphorylated by microtubule affinity regulating kinases (MARKs) (34) , and in the fly tauopathy model, overexpression of the Drosophila homolog of MARK (dMARK, also called partitioning defective-1, PAR-1) increases tau phosphorylation at Ser262/356 and enhances tau toxicity (22, 32) . In contrast, overexpression of MARK rescues axonal transport defects and synaptic degeneration caused by overexpression of tau in hippocampal neurons (35, 36) . Whether other kinases can phosphorylate tau at Ser262/356 in vivo and control its toxicity is not clear.
Accumulation of DNA damage in neurons has been observed in normal aging and in AD (37) (38) (39) . Key components of the DNA damage response are the central transducing kinases ataxia telangiectasia mutated (ATM) and ATR (ATM and Rad3-related), and the checkpoint effector kinases checkpoint kinase 1 (Chk1) and checkpoint kinase 2 (Chk2) (40, 41) . Chk1 activation is primarily downstream of ATR in response to detection of single-stranded DNA, although Chk2 is activated primarily by ATM in response to double strand breaks in DNA. Chk1 and Chk2 are Ser/Thr kinases and phosphorylate many proteins that influence the DNA damage response, including cell cycle checkpoint regulators, DNA repair and replication fork maintenance proteins, transcriptional regulators and apoptosis inducing proteins, as well as proteins that influence chromatin dynamics (40, 41) . In addition, recent studies have shown that Chk1 and Chk2 phosphorylate proteins involved in the circadian clock systems (42) . Whether Chk1 and Chk2 phosphorylate tau in vitro and in vivo has not been previously determined.
In this study, we demonstrate that the DNA damage-activated checkpoint kinases Chk1 and Chk2 are novel tau Ser262 kinases, and overexpression of Chk2 enhances tau toxicity in vivo.
RESULTS

Overexpression of Drosophila Chk2 enhances human tau-induced retinal degeneration in flies
The activation of DNA repair is a tightly regulated process that is conserved across species (40) . Chk2 is activated by DNA double strand break and plays a critical role in repair responses in mammals and in Drosophila (43) (44) (45) (46) . Drosophila Chk2, as well as human Chk2, mouse Chek2 and rat Chek2, contain a 'Serine/threonine-protein kinase Chk2 domain' (InterPro) (47) , and belong to the 'Chk2' category by the 'Panther classification system' (48) . Drosophila Chk2 protein is critical for radiation-induced apoptosis and cell cycle arrest (43) and the mitotic response to DNA damage and replication defects (46) . These studies indicate that Drosophila Chk2 is also a functional homolog of mammalian Chk2. Using transgenic Drosophila expressing human wild-type 0N4R tau in fly eyes (23), we tested whether overexpression of Drosophila Chk2 increases human tau toxicity.
Human tau overexpression using the pan-retinal gmr-GAL4 driver caused eye degeneration, characterized by a rough surface and smaller eye size [(30) and Fig. 1B ]. Overexpression of Drosophila Chk2 dramatically enhanced human tau toxicity in fly eyes (Fig. 1C) . It has been reported that Chk2 overexpression itself does not cause apoptosis in fly eyes (44) . We also found that the overexpression of Chk2 itself did not cause obvious eye degeneration (Fig. 1D) , indicating that the observed enhancement of tau toxicity by Chk2 overexpression is not merely an additive effect.
We also tested whether overexpression of Drosophila Chk2 increases eye degeneration caused by other neurodegenerative disease-associated peptides including expanded polyglutamine repeat peptides (108 polyQ repeat peptides with Myc/FLAG tag) or Alzheimer's amyloid-b 42 peptides (49, 50) . Overexpression of Drosophila Chk2 did not enhance neurodegeneration caused by these peptides in fly eyes ( Fig. 1E -H) , suggesting that the effect of Chk2 overexpression on tau toxicity is not due to non-specific enhancement of toxicity induced by aggregation-prone proteins.
Overexpression of Drosophila Chk2 increases phosphorylation of human tau at Ser262
Tau is abnormally phosphorylated in the brains of individuals with AD (2 -5), and an imbalance in phosphorylation and/or dephosphorylation of tau at disease-related sites has been suggested to initiate the toxicity of tau. Among AD-related phosphorylation sites, tau phosphorylation at Ser262 has been reported to play a critical role in tau toxicity (22, 32) .
We examined whether overexpression of Drosophila Chk2 increases phosphorylation of tau at Ser262. Human tau and Drosophila Chk2 were expressed in fly eyes using the pan-retinal gmr-GAL4 driver. Using phospho-specific antibodies, we found that co-expression of Chk2 significantly increased tau phosphorylation at Ser262 (Fig. 2) . We also tested whether Chk2 overexpression increases phosphorylation of tau at other AD-related sites including Ser202 and Thr231. In contrast to Ser262, Chk2 overexpression did not increase tau phosphorylation at these sites (Fig. 2) . We verified the specificity of the phospho-tau-antibodies as shown in Supplementary Material, Fig. S1 .
The MARKs have been shown to be a tau Ser262 kinase (34) . Tau phosphorylation at Ser262 by overexpression of dMARK increases phosphorylation levels of some of the tau SP/TP phosphorylation sites, including Ser202 (22) . In contrast, Chk2 overexpression increased Ser262 phosphorylation without affecting Ser202, indicating that the increase in phosphorylation at Ser262 is not always correlated with that at Ser202.
We also tested whether a genetic reduction of Chk2 ameliorates tau-induced retinal degeneration. A heterozygous loss-of-function mutation of Chk2 (43) Fig. S2 ). These results indicate that loss of one copy of Chk2 is not sufficient to reduce tau phosphorylation at Ser262 and toxicity.
The non-phosphorylatable Ser262Ala tau mutation abolishes Chk2-induced enhancement of human tau toxicity Since phosphorylation of tau at Ser262 plays a critical role in tau toxicity, we hypothesized that Chk2 enhances tau toxicity via tau phosphorylation at Ser262. To test this hypothesis, we established transgenic fly lines that express human 0N4R tau with a S262A mutation (S262A tau) at levels similar to the expression of wild-type tau (Fig. 3A) . Previous reports have shown that the double mutant S262A/S356A reduces tau toxicity (22, 32) . We found that the single S262A mutation was sufficient to reduce tau toxicity (Fig. 3B-D) . Using S262A transgenic flies, we found that co-expression of Chk2 and S262A tau did not cause a reduction in external eye size ( Fig. 3D and E) , suggesting that the Ser262 phosphorylation site is critical for Chk2-induced enhancement of tau toxicity.
Human Chk1 and Chk2 directly phosphorylate recombinant human tau at Ser262 in vitro
Peptide library analyses have identified the Chk2 substrate target motif as R/F-R/F-L/I-K/R-R-X-X-S-F/I-F/I/R, although there are several exceptions to this consensus sequence (51, 52) . Although the sequence surrounding Ser262 (NVKSKIGS 262 TE) does not exactly match this consensus sequence, we tested whether recombinant active human Chk2 directly phosphorylates human tau at Ser262 in vitro. We found that recombinant active human Chk2 phosphorylated recombinant human tau at Ser262 (Fig. 4A and B) . This phosphorylation was inhibited by a Chk2-specific inhibitor (Chk2-inhibitor II) in a dose-dependent manner ( Fig. 4A and B) .
Since many substrates of the closely related kinase Chk1, which is activated by DNA single strand breaks, overlap with Chk2 substrates (40), we tested whether human recombinant Chk1 also phosphorylates human tau at Ser262 in vitro. We found that recombinant active human Chk1 directly phosphorylated tau at Ser262, and this phosphorylation was inhibited by a Chk1 inhibitor (UCN-01; Fig. 4C and D) . These results demonstrate that DNA damage-activated checkpoint kinases, Chk1 and Chk2, are novel tau Ser262 kinases.
Chk2 overexpression does not activate Drosophila MARK
The MARKs have been shown to be a physiological tau Ser262 kinase (34, 35) . Studies in Drosophila have revealed that dMARK plays a critical role in tau toxicity via the Ser262 phosphorylation site in vivo (22, 32) . We tested whether dMARK was involved in increased phosphorylation of tau at Ser262 by overexpression of Chk2 in Drosophila.
dMARK activity depends on its phosphorylation at Thr408 (53). Overexpression of dMARK causes eye degeneration in flies, and co-expression of LKB1, an activator of dMARK, increases dMARK phosphorylation at Thr408 and enhances the dMARK-induced rough eye phenotype (53) . To test whether dMARK phosphorylation at Thr408 was affected by Chk2 overexpression, a myc-tagged Drosophila dMARK was expressed alone or co-expressed with Chk2 in fly eyes using the pan-retinal gmr-GAL4 driver. Western blot with a phospho-specific antibody revealed that Chk2 co-expression did not increase dMARK phosphorylation at Thr408 (Fig. 5A) . Furthermore, co-expression of Chk2 did not enhance the dMARK-induced eye degeneration (Fig. 5B) . These results suggest that Chk2 does not modulate dMARK activity in fly eyes.
DISCUSSION
Using a transgenic Drosophila model, we have shown that overexpression of Drosophila Chk2 increases human tau phosphorylation at Ser262 and enhances tau-induced neurodegeneration. We have also shown that the Ser262 phosphorylation site is involved in the enhancement of tau toxicity by Chk2. We further demonstrated that human Chk2 and the closely related DNA damage-activated kinase Chk1 directly phosphorylated human tau at Ser262 in vitro. Since accumulation of DNA damage has been detected in the brains of AD patients, our results suggest that checkpoint kinases may be involved in tau phosphorylation and toxicity in the pathogenesis of AD. Tau phosphorylation levels increase at Ser262, but not at Ser202 or Thr231, when Chk2 is co-expressed in fly eyes. Fly heads expressing human tau alone (tau) or with Drosophila Chk2 (tau þ Chk2) driven by the panretinal gmr-GAL4 driver were subjected to western blotting with anti-tau (human tau) or anti-phospho-tau antibodies. The phosphorylation levels at each site in fly heads co-expressing tau and Chk2 are normalized to the tubulin level and shown as a ratio relative to that in fly heads expressing tau alone. Asterisks indicate significant differences from control (n ¼ 4 or 5, P , 0.05, Student's t-test). Representative blots are shown.
Chk2 enhanced tau-induced neurodegeneration, although Chk2 overexpression alone did not cause neurodegeneration (Fig. 1) . These results indicate that Chk2-induced enhancement of tau toxicity is not merely an additive effect. Furthermore, Chk2 did not enhance eye degeneration caused by expanded polyglutamine repeat peptides or Alzheimer's amyloid b 42 peptides (Fig. 1) , suggesting that the effect of Chk2 overexpression on tau toxicity is not due to nonspecific enhancement of toxicity induced by aggregationprone proteins. However, it has been shown that Chk2 phosphorylates p53 and enhances apoptosis during irradiation-induced or p53 overexpression-induced apoptosis (44) . In addition, Chk2 phosphorylates Che-1, a RNA polymerase II binding protein that is involved in apoptosis and cell cycle control and also binds to tau (54) (55) (56) . Thus, in addition to enhancement of tau toxicity through Ser262 phosphorylation, Chk2 overexpression may synergistically enhance tau-induced apoptosis downstream of tau phosphorylation.
Accumulation of oxidative damage in nucleic acids, as well as widespread single-and double-strand breaks, has been detected in neurons in the brains of patients with AD and with mild cognitive impairment, which possibly represents an early stage of AD (39, (57) (58) (59) (60) (61) (62) (63) (64) (65) (66) (67) (68) (69) . More DNA damage was found in the aging hippocampus, one of the vulnerable regions of the brain in AD, than in the aging cerebellum (70) . In postmortem brains from patients with AD, the neurons that show NFT formation in AD are the same as those that show age-related accumulation of DNA damage (71) . Increases in DNA repair gene expression have been reported in aged brains (37) and in brains from Down syndrome patients (72) . Our results suggest that the increased activity of the DNA repair response in aging and under pathological conditions may initiate tau pathology and toxicity. (A and B) or recombinant active human Chk1 (C and D) were incubated with recombinant human tau in the presence or absence of inhibitors (Chk2 inhibitor II for Chk2 and UCN-01 for Chk1). Proteins were resolved by SDS-PAGE and visualized by western blotting using an anti-pSer262 antibody (A and C). The signals were quantified and the phosphorylation levels are shown as a ratio relative to that of recombinant tau incubated with recombinant kinase in the absence of inhibitor (B and D). Asterisks indicate significant differences (n ¼ 4, P , 0.05, Student's t-test).
The accumulation of DNA damage in AD patients may be due to a decrease in the efficiency of DNA repair. Several groups have tested whether AD is accompanied by a deficiency in DNA repair enzymes. Some studies have confirmed a decrease in DNA repair efficiency (62,73 -77) , whereas other studies have not (78, 79) . In contrast, changes in DNA damage transducers, such as Chk1 and Chk2 in AD brains, have not been reported. It may be possible that a defect in the DNA repair machinery and failure to properly execute DNA repair may cause sustained activation of DNA damage sensors and transducers such as Chk1 and Chk2 in AD brains.
Oxidative stress induced by paraquat, a reactive oxygen species-generating chemical, has been reported to enhances tau toxicity by promoting tau-induced cell cycle re-entry in Drosophila models (80) . Damage to nucleic acids caused by reactive oxygen species includes base modifications such as 8-hydroxydeoxyguanosine, single-strand breaks and doublestrand breaks if single-strand breaks are in close proximity (81) . Several studies indicate that the capacity for DNA repair is compromised in AD brains (62, (73) (74) (75) (76) (77) , and it is possible that reduced efficiency of DNA repair machinery in AD causes a failure of base-modification repair or single-strand break repair and leads to accumulation of double-strand breaks. It may be interesting to test whether Chk2 is involved in enhancement of tau toxicity induced by oxidative stress.
In summary, our results demonstrate that checkpoint kinases Chk1 and Chk2 are novel tau Ser262 kinases and overexpression of Chk2 enhances tau toxicity in vivo. Our results suggest that checkpoint kinases, whose inhibitors have entered early clinical development for cancer therapy (82), may be therapeutic targets for AD and tauopathies.
MATERIALS AND METHODS
Fly stocks and antibodies
The transgenic fly line carrying the human 0N4R tau was a kind gift from Dr Mel Feany (Harvard Medical School, MA, USA) (23) . To establish transgenic fly lines carrying S262A mutant tau, human 0N4R tau [a kind gift from Dr Mike Hutton (Mayo Clinic Jacksonville)] was served as a template for the generation of alanine mutation. The codon for Ser262 was mutated to alanine using the QuikChange sitedirected mutagenesis kit (Stratagene, La Jolla, CA, USA), and the resulting construct was subcloned into the pUAST Drosophila transformation vector and microinjected into fly embryos of the w 1118 genotype. The authenticity of the construct was confirmed by sequencing, and lines with expression level equivalent to wild-type tau were determined by quantitative western blot analysis. The transgenic fly line carrying Alzheimer's amyloid-b 42 with Arctic mutation has been described previously (50) . Other fly stocks were obtained from: Drs Wei Du (the University of Chicago, IL, USA) (Chk2[E51]), Bingwei Lu (Stanford University School of Medicine, CA, USA) (UAS-dPar1), Tak Mak (The Campbell Family Institute for Breast Cancer Research, Canada) (UAS-Chk2), Leslie Thompson (University of California, Irvine, CA, USA) (UASpolyQ108) and the Bloomington Drosophila Stock Center (Indiana University, IN, USA) (gmr-GAL4). Crosses were maintained on standard cornmeal-based Drosophila medium at 258C and analyzed at 1 -3 days of age, except for the analysis of tau phosphorylation levels described in Figure 2 . For this experiment, crosses were maintained at 188C during developmental stages to reduce eye degeneration, since co-expression of tau and Chk2 overexpression causes severe reduction in tau protein levels presumably due to massive neurodegeneration when cultured at 258C. After eclosion, adult flies were maintained at 258C for 1 week to induce transgene expression and subjected to western blot analysis.
Western blotting
Antibodies were obtained from Drs Peter Davis (Albert Einstein College of Medicine, NY, USA) (CP13) and Bingwei Lu (Stanford University School of Medicine) (anti-pT408). Anti-myc (Invitrogen), Anti-tau (T46) (Zymed), anti-tau pS262 (Biosource and Calbiochem), anti-tau pT231 (AT180, Thermo Fisher Scientific, MA, USA) and Anti-tubulin (Sigma, St. Louis, MO, USA) was purchased. Fifteen fly heads for each genotype were collected at 1-3 day-after-eclosion and homogenized in SDS-Tris-Glycine sample buffer, separated by 6 or 10% Tris-Glycine gel and transferred to nitrocellulose membrane. The membranes were blocked with 5% milk (Nestle), blotted with the antibodies described above, incubated with appropriate secondary antibody and developed using ECL plus Western Blotting Detection Reagents (GE Healthcare). The signal intensity was quantified using ImageJ (NIH). Western blots were repeated a minimum of three times with different animals and representative blots are shown.
In vitro phosphorylation
Recombinant active human GST-tagged Chk1 (C0870, Sigma) and Chk2 (C0995, Sigma) were diluted to 1:2 or 1:5, respectively, mixed with 2 mg of recombinant human 0N4R tau (Sigma) in 5 mM MOPS, pH 7.2, 2.5 mM glycerol 2-phosphate, 5 mM MgCl2, 1 mM EGTA, 0.4 mM EDTA, 0.05 mM DTT and 5 mM ATP, with or without inhibitors [UCN-01 (Sigma) or Chk2 inhibitor II (Sigma)]. After incubation for 3 h at 308C, samples were mixed with SDS-Tris-Glycine samples buffer and separated by 10% Tris-Glycine gel and transferred to nitrocellulose membrane. The membranes were blocked with 5% milk (Nestle), blotted with anti-pS262, incubated with anti-rabbit IgG-HRP and developed using ECL plus Western Blotting Detection Reagents (GE Healthcare). The signal intensity was quantified using ImageJ (NIH).
SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
